Communication delay between a master and a slave robot destabilizes a bilateral control system. Recent researches showed that an adaptive controller that dynamically determines the master's controller gain according to the stiffness of the contact object is effective in improving stability. As the stability depends on the convergence speed of the estimated stiffness, this paper proposes an algorithm that quickly estimates the stiffness. A polynomial interpolation and a Schmitt trigger are utilized for the estimation. The validity of the algorithm is verified by simulations and experiments. The convergence speed of the position and the force is improved by the proposed algorithm.
Introduction
The da Vinci Surgical System (Intuitive Surgical, Inc.) or the PackBot (iRobot Corporation) has drawn attention as a practical application of teleoperated robots. The da Vinci is a medical robot used for performing minimally invasive endoscopic surgeries, and more than 3000 of these robots are used in the world at present. The PackBot was used for the probe of Fukushima I Nuclear Power Plant after the Great East Japan Earthquake in 2011. However, as a human operator who manipulates the da Vinci or the PackBot does not feel a reaction force from a contact object, achieving sensitive motions such as grasping of brittle materials is difficult. Hence, some researchers have tried to transmit a reaction force to a human operator (1) . This kind of teleoperation is known as bilateral teleoperation or bilateral control. Bilateral control is a hybrid of position control and force control. A slave robot tracks a master robot when a human operator manipulates the master robot. This is position control. When the slave robot contacts with an object, the human operator feels a reaction force from the object. This is force control. However, a bilateral control system becomes unstable when a feedback loop in the system includes communication delay.
Two kinds of approaches are presently adopted to design a bilateral control system with communication delay. One approach uses a sufficient condition for stability, whereas the other approach uses a necessary and sufficient condition for stability. Small gain theorem-based design methods (2) and passivity theorem-based design methods (3) have been proposed as sufficient condition-based approaches. However, control performance achieved in this approach is low. On a) Correspondence to: Daisuke Yashiro. E-mail: yashiro@elec. mie-u.ac.jp * Department of Electrical and Electronic Engineering, Graduate School of Engineering, Mie University 1577, Kurimamachiya, Tsu, Mie 514-8507, Japan the other hand, Nyquist theorem-based design methods have been proposed as necessary and sufficient condition-based approaches. These methods fall into two categories. One is a design method that does not take into account the interference between position control and force control. The other is a design method that takes into account this interference. Although the first method makes it easy to design a controller, the stability of the control system is not guaranteed (4) . The second method is classified into two types in terms of a delay compensator. One type uses a delay compensator and the other does not use a delay compensator. Adaptive Smith predictor-based methods (5) or communication disturbance observer-based methods (6) have been proposed as delay compensator-based approaches. A delay compensator is applied to a position control system, but not to a force control system. As a bilateral control system is a hybrid of a position control system and a force control system, the whole of the control system is not compensated by a delay compensator. The methods without delay compensator fall into two categories: a fixed controller and an adaptive controller. A four-channel (4ch) controller (7) and a three-channel (3ch) controller (8) have been proposed as fixed controller-based approaches. However, the performance of force control is low in the case of a 4ch controller, and the performance of position control is low in the case of a 3ch controller (9) . Recently, a method that modifies position controller gain adaptively has been researched as one of the adaptive controller-based approaches (10) . Reference (11) proves that high performance is achieved if the position controller gain in a master robot is the same as the stiffness of an object that contacts with a slave robot, and a recursive least square method is used to estimate the stiffness of the contact object. However, the convergence speed of an estimated stiffness that uses a recursive least square method is not fast. As a result, an unignorable chattering occurs when the slave robot contacts with a hard object during a transient state. This paper therefore proposes a novel estimation method of an object's stiffness based on a polynomial interpolation and a Schmitt trigger, and the estimated stiffness is used as a position controller gain in the master robot. Simulations and experiments show that the chattering during a transient state in a contact motion is improved by the proposed method. This paper is organized as follows: in Section 2, a model of a bilateral control system is described, and a controller design problem is formulated. In Section 3, two kinds of estimation methods of an object's stiffness are introduced. In Section 4 and Section 5, the two kinds of estimation methods are verified by simulations and experiments of bilateral control. Finally, conclusions are presented in Section 6. Table 1 lists the notations used in this paper.
Modeling and Problem Formulation
In Section 2.1, a model of a bilateral control system with communication delay is described. And in Section 2.2, an issue to design a controller is formulated.
Modeling of Bilateral Control System with Communication Delay
A bilateral control system with communication delay consists of a master robot and a slave robot. The dynamics of the master robot and the slave robot that includes a plant and a 4ch controller is described in Eq. (1) and Eq. (2)
where
] denote a position of the master robot, a position of the slave robot, an operational force applied to the master robot, a reaction force from a contact object applied to the slave robot, a one-way delay between the master and the slave, a proportional gain of the master's position controller, and a proportional gain of the slave's position controller, respectively. In addition, 2
The dynamics of a contact motion between the slave robot and an object is defined in Eq. (3)
where is almost equivalent to 1/s 2 through the effect of a disturbance observer (DOB). In addition, f i is accurately estimated by a reaction force observer (RFOB) (12) .
Problem Formulation
The problem of designing a controller for the bilateral control system shown in Fig. 1 is written as follows: Problem 1 Derive the position controller gain k m that stabilizes the system described in Eq. (1)-Eq. (3) and achieves Eq. (4) and Eq. (5) x
Analysis and Controller Design
In Section 3.1, the relation between k m and the stability of the control system shown in Fig. 1 is explained. In Section 3.2, two kinds of estimation methods of the object's stiffness are introduced. One is a recursive least square method-based approach and the other is a polynomial interpolation-based approach.
Stability Analysis
By substituting Eq. (3) into Eq. (1) and Eq. (2) under the assumption x e = 0, we obtain the state space model shown in Eq. (6) 
The system in Eq. (6) is called a delay-type time-delay system, and it is equivalently transformed to an input-type timedelay system represented in Eq. (7) and Eq. (8)
The block diagram shown in Fig. 3 is obtained from Eq. (7) and Eq. (8) by using Laplace transformation, where G = (sI − A 0 ) −1 . As − A 1 and G shown in Fig. 3 do not have an unstable pole, stability is guaranteed if the Nyquist locus of det(I − e −ds GA 1 ) does not encircle the original point. Axis S is defined as the leftmost point at the intersection of the Nyquist locus with the real axis. p is defined as a length of the line LS that joins axis L(1, 0 j) and axis S. A gain margin is defined by 20 log 10 p [dB] in this paper. Table 2 lists the gain margin in the case of k s = 400 d = 0.1 and d e = 10. This result denotes that the system is unstable if |k e − k m | is extremely large.
This study, therefore, design a master's position controller that achieves k m ≈ k e , and in Section 3.2 two kinds of estimation methods of k e based on x s (t) and f s (t) are introduced. Figure 4 shows the concept of an object's stiffness estimation. We proceed to derive the estimated value of An effect of ST is to suppress the chattering that occurs when the slave robot contacts with a hard object.
Estimation of Environment's Stiffness
In Ref. (11), it is assumed that f e1 = f e2 ; however, in this work, we choose f e1 > f e2 to avoid chattering and improve the convergence speed ofk e . Although a large f e1 reduces the influence of noise, estimation delay is increased. Besides, although a small value of f e2 reduces chattering, c may not transition from 1 to 0 even if the slave does not contact with an object.
Recursive Least Square Method (Conventional Method)
The problem of derivingk e is obtained as follows:
where λ (0 < λ < 1) is a forgetting factor, 
.
· · · · · · · · · · · · · · · · · · · (12)
This algorithm is well known as a recursive least square method (RLSM) that uses a forgetting factor. Although a small value of λ improves convergence speed, it may cause the divergence ofk e .
Polynomial Interpolation (Proposed Method)
The issue to derivek e is formulated as follows:
Fig. 6. Influence of a local damping pẋ i (t)
Problem 3 
This process is the simplest case of polynomial interpolation (PI). As Eq. (17) uses only two samples to calculatek e , the influence of noise is not negligible. On the other hand, the estimation speed is high, and it is effective in avoiding state k m k e or k m k e . From the viewpoint of stability, estimation speed is more important than estimation accuracy.
Simulation
The primacy of PI over RLSM is verified by simulations as explained in this Section.
Setup
Bilateral control using the system shown in Fig. 1 is simulated. The control period, the packet-sending interval between the master and the slave, and one-way delay d are set to 1 ms, 1 ms, and 100 ms, respectively. One free motion (1 s∼5 s, k e + d e s = 0 + 0 s), one contact motion with a piece of sponge (10 s∼15 
that of RLSM+ST, and the chattering in the case of PI+ST is smaller than that of RLSM+ST. If a convergence speed ofk e is low, k m k e is maintained for a long time after the contact with the aluminum block. As the convergence speed ofk e in the case of RLSM+ST is low, the system becomes unstable transiently and chattering is induced 
The simulation result in the case in which Eq. (18) results indicate that PI+ST is robust against time-varying delay.
Experiment
The primacy of PI over RLSM and the benefit of ST are verified by experiments explained in this Section. Figure 8 shows the experimental system. A linear motor (GMC Hillstone Co., Ltd.) was used for the master robot and the slave robot. Linear encoders were attached on the linear motors to measure x m and x s . f m and f s were estimated by RFOBs. The control period of the robots was set to 0.2 ms.The two robots transmitted position/force information to each other by using UDP/IP, and the packetsending interval was set to 0.2 ms. An IP network emulator (INAS Co., Ltd.) was utilized to generate a communication delay of d = 0.1s. One free motion, one contact motion with a piece of sponge, and one contact motion with a block of aluminum were tested. Parameters k s , λ, l, and x 0 were set to 900 0.99 150 and 0.005, respectively. Nine types of controllers were compared and the parameters are listed in Table 3 . "+ST" denotes that f e1 is not equal to f e2 during the estimation of an object's stiffness. Fixed controllers were used in the cases of 3ch and 4ch, and adaptive controllers were used in the cases of RLSM, RLSM+ST, PI, and PI+ST. Figure 9 shows the time responses of k e . Four types of algorithms are compared: (a) RLSM (b) RLSM+ST (c) PI, and (d) PI+ST. All algorithms succeed in estimation although their convergence speeds are different. The responses are oscillating after the contact with a block of aluminum in the cases of RLSM RLSM+ST and PI. As the convergence speeds ofk e in the cases of RLSM and RLSM+ST are low, the system becomes unstable transiently and the chattering is induced. Although the convergence speed ofk e in the case of PI is high; chattering occurs because of the one-way delay d = 100 ms. When the slave robot contacts with a block of aluminum, as shown in Fig. 9(c) , state c transitions from 0 to 1. An impulsive force f s is induced by the one-way delay, and the state c transitions from 1 to 0. On the other hand, the response is not oscillating after the contact with a block of aluminum in the case of PI+ST. Even if an impulsive force f s is induced because of a contact motion as shown in Fig. 9(d) , the state c does not transition from 1 to 0. That is the reason why chattering is avoided. The results described above denote that PI-based estimation is faster than RLSM-based estimation and the ST has the effect of suppressing the chattering in the contact with the aluminum block.
Setup

Result
The position responses are shown in Fig. 10 Table 2 suggests that the system becomes unstable. The response in the contact motion with a piece of sponge is oscillating in Fig. 10(a) . This case corresponds to k m k e , and the analytical result summarized in Table 2 suggests that the system becomes unstable. Although the oscillation is suppressed by local damping as shown in Figs. 10(b)(c) , a high-pass filter with a high cut-off frequency causes the oscillation as shown in Fig. 10(d) . The response in the contact motion with a block of aluminum is oscillating in the cases of RLSM/RLSM+ST/PI. If the convergence speed ofk e is low, k m k e is maintained for a long time after the contact with the aluminum block. As the convergence speed ofk e in the case of RLSM/RLSM+ST/PI is low, the system becomes unstable transiently and chattering is induced.
The force responses are shown in Fig. 11 . The thick lines are the master robot's force responses f m (t) and the thin lines are the slave robot's force responses − f s (t − d). The response in the contact motions with a piece of sponge and a block of aluminum is oscillating as seen in Fig. 11(a) . Although the oscillation is suppressed by local damping as seen in Figs. 11(b)(c) , the operational force f m is induced due to local damping. The response in the contact motion with a block of aluminum is oscillating in the cases of RLSM/RLSM+ST/PI. On the other hand, the response is not oscillating in the case of PI+ST.
Conclusion
Communication delay between a master robot and a slave robot destabilizes bilateral control systems. Hence, this paper designed an adaptive controller that dynamically determines the master's controller gain according to the stiffness of a contact object. As the stability depends on the convergence speed of the estimated stiffness, this paper proposed an algorithm that quickly estimates the stiffness. A polynomial interpolation and a Schmitt trigger were used for the estimation. The validity of the algorithm was verified by simulations and experiments.
In future works, compensating the transmission delay of an estimated stiffness will be studied. In addition, the influence of time-varying delay will be studied.
